Electron effects in the High Current Experiment (HCX) are studied via computer simulation.
INTRODUCTION
Electron effects presently limit the performance of many ion accelerators [1] [2] [3] . One source of these electrons is electrons emitted from collisions between beam ions and the beam pipe walls. Heavy-ion fusion (HIF) accelerators will operate with higher current than accelerators today [4] , collisions between ions and the walls could be more frequent, and the accelerator costs are reduced if the wall is moved closer to the beam. Both effects increase the loss of beam ions to the wall, potentially increasing the production of electrons in an HIF power plant accelerator [5] . Consequently, designing HIF accelerators requires carefully studying electron effects. The goal of this paper is to discuss techniques used to estimate numerically the numbers of electrons researchers might expect in the heavy-ion fusion experiments, particularly the High Current Experiment [6] (HCX).
The HCX is the first transport experiment using a driver-scale heavy-ion beam. The experiment enables researchers to investigate topics such as beam size and quality during transport, measure the dynamic aperture of the HCX lattice, investigate how errors such as misalignments affect beam current, determine the extent of beam halo, and study secondary electron effects with driver-scale beam potentials (exceeding 1.0 keV). Such investigations were not possible with lower current HIF machines. The HCX uses a beam of singly charged potassium ions drifting through a six-quadrupole matching section and ten electrostatic transport quadrupoles. The HCX has a line-charge density (0.1-0.2 C/m), an injection energy (1-1.8 MeV), and a duration (4 µs) relevant to fusion drivers.
First, we derive an approximate expression for the secondary electron yield (SEY) for a potassium ion striking stainless steel. This approximation uses the results of Rothard [7] to estimate the SEY in terms of the energy loss per unit length of potassium passing through stainless steel. We obtain an estimate of the energy loss per unit length from the SRIM [8] code. This gives an approximate SEY for potassium striking stainless steel with a peak of 55 electrons at an ion energy of roughly 60 MeV at normal incidence (this takes into account the inelastic part of the stopping power only). We implement a numerical model of this SEY curve by modifying the routines developed for the POSINST code [9] . This numerical model uses the energy at which the SEY peaks, and includes an empirical fit to the dependence of the SEY on angle. We also compare the approximate SEY we derive here with data from the HCX and show the two agree well.
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Next, we combine this SEY model with a particle dynamics model relevant to the HCX based on the WARP code [10] . The WARP simulation includes the full geometry of the HCX and self-consistent ion beam dynamics. From the WARP simulation, we determine the location, energy and angle of the potassium ions striking the wall. Combining this with the SEY model gives an estimate of the number of electrons one can expect in the HCX.
We estimate 150-200 electrons per ion-wall collision may occur in the HCX. However, we discuss how magnetic insulation could reduce the number of electrons reaching the beam center by an order of magnitude or more.
THEORY
In this section, we review the basic theory behind the model we use of secondary electron emission and the approximations we use to implement this model numerically. First we discuss the relationship between SEY and energy loss per unit length. In particular, we discuss an expression by Rothard for heavy-ion induced SEY and the numerical approximation of the SEY using the routines from the POSINST code. Second we discuss the dependence of SEY on the angle of incidence. We discuss the breakdown of the standard inverse cosine scaling and the measurements by Molvik of SEY as a function of angle for HCX. Finally, we use the data from HCX which does fit to inverse cosine scaling to extrapolate to normal incidence and compare with the approximate SEY developed here. The two agree within a percent.
The goal of this section is to develop an expression for the SEY for the ions and materials relevant to the HCX. The HCX uses potassium ions and stainless steel beam pipes. There is little experimental data for the SEY for potassium striking stainless steel as a function of energy, so we need a theoretical way to determine the SEY. One theoretical estimate of the SEY is based on the inelastic part of the energy loss per unit length [7] 
where γ E is the SEY, and dE/dx is the inelastic part of the energy loss per unit length in eV/Å. This equation applies strictly only when the inelastic stopping power is the dominant contribution to the ion stopping. The unitless C b ≈ 0.32 for heavy ions (values quoted by Rothard for C b range from 0.28 to 0.44, but have a mean of 0.32 for the ions and targets 3 studied). The constant C b represents the efficiency relative to protons for converting energy lost in a material to secondary electrons. By definition, C b = 1 for protons. Potential reasons [11] C b is less than one for heavier particles include (i) heavy ions may transfer more of their energy to target nuclei rather than target electrons (this fact can lead not only to a value of C b less than one, but a breakdown of the dependence of SEY on dE/dx as discussed below), (ii) heavy ions may create larger ion channels in their wake, which can trap secondary electrons, and (iii) a breakdown of first-order ionization theories [12] .
The relationship in Eq. 1 between secondary electron yield and energy loss per unit length will break down if a significant fraction of secondary electrons come from a source other than from the inelastic stopping of the heavy ion. For instance, target ions recoiling from an elastic collision with the incident heavy ion could themselves produce secondary
electrons. An estimate [11] of the maximum ratio of secondary electrons due to recoiling target ions is:
where M p and M t are the mass of the projectile and target, Z p and Z t are the atomic numbers of the projectile and target, and
t . This approximation applies in the energy range of the maximum of the elastic stopping power. For the HCX, we consider potassium projectiles incident on a stainless steel target. The stainless steel target is 70% iron, so for this estimate we use the M t = M Fe and Z t = Z Fe . In this case, Eq. 2 estimates at maximum, this ratio is 22%. This estimate agrees to within a few percent with results of SRIM, which predicts for 1.0 MeV potassium in stainless steel, the energy lost to target electrons is 206.4 eV/Å, and the energy lost to target ions is 44.7 eV/Å, yielding a ratio of 21.7%. We consider this small enough to neglect for this work. We also neglect effects such as electrons produced by one-electron plasmon decay [11] .
For the expression in Eq. 1, we need to know the inelastic energy loss rate, dE/dx, for potassium in stainless steel. We can estimate the inelastic part of dE/dx for a potassium ion stopping in stainless steel using the SRIM code [8] . The SRIM code uses a quantum mechanical treatment of the ion-target collisions to calculate the stopping of ions in matter.
SRIM includes effects such as a screened Coulomb collision with exchange and correlation
interactions between the overlapping electron shells, and long range interactions creating electron plasmons in the target. The ion charge state is described using effective charge, and includes a velocity-dependent charge state and long range screening due to the electrons in the target material. The SRIM result we use is a stopping cross-section for potassium averaged over many target materials. The energy loss per unit length, dE/dx, is related to the stopping cross-section by:
where S σ is the stopping cross-section in units of energy-area and ρ is the number density of the target material. In the HCX, the stainless steel has a mass density of approximately 8.03 g/cm −3 and a composition of roughly 70% Fe, 20% Cr, and 10% Ni, giving a number density of approximately ρ = 8.63 ×10 22 cm −3 . The SRIM result for the inelastic part of dE/dx for a potassium ion stopping in stainless steel, converted using Eq. 3, is shown in Fig. 1 . Using this result for the inelastic stopping in Eq. 1 with C b = 0.32 gives an approximate SEY for potassium ions incident on stainless steel. This SEY curve is shown in Fig. 2 as the solid line. This approximation takes into account only the inelastic part of the stopping, but as we showed with the help of Eq. 2, the elastic contributions will be small even in the worst case.
To implement a numerical model of the estimated SEY, we use routines from the POSINST code [9] . Researchers have used the POSINST code to study electron effects in the Los Alamos Proton Storage Ring [1] , the Argonne Advanced Photon Source [13] , the Spallation Neutron Source [14] , and the CERN Large Hadron Collider [15] . The POSINST routines approximate the true secondary component of the SEY by the formula
where x is the incident energy of the ion, scaled to the value at which the SEY curve peaks (approximately 60 MeV in this case), and s is a unitless fitting parameter. Over the entire range of energies shown in Fig. 2 , the best fit using Eq. 4 is for s = 1.53. This fit is shown as the circles in Fig. 2 . However, for the application to the HCX, we are interested in energies near the few MeV range, and so we choose a value of s = 1.23, which better fits the low energy end, as shown in Fig. 3 .
Next, we need a model of the dependence of the SEY on the incident angle of the ion. The SEY curve shown in Fig. 2 is for normal incidence. However, ions in the HCX will not strike the walls at normal incidence, but rather will graze against the walls. The conventional model for the dependence of SEY on angle is
where γ 0 is the SEY at normal incidence, and θ is the angle relative to normal. This model is based on the argument that the secondary electrons are emitted from within a distance d of the surface, and the amount of the incident particle's path that lies within a distance d of the surface increases as 1/ cos θ. The distance d is called the escape zone and is typically on the order of a few nanometers [16] . The model in Eq. 5 eventually breaks down at large enough angle. Some reasons for the breakdown are that as the path length within the escape zone gets larger (i) the ion would deposit all its energy and come to rest, (ii) the ion will have more chances to undergo scattering events which could knock it out of the escape zone (this is discussed further below), and (iii) ions incident at highly-grazing angles may not penetrate the surface at all and instead may just skip off the surface. Plugging these values into Eq. 5 and solving for γ 0 , yields γ 0 ≈ 6.0 (using other data points between 80 • and 86 • give the same result for γ 0 to less than a percent). This is shown as the circle in Fig. 5 , with the estimated SEY from Fig. 2 shown as the solid line. While only for a single energy, the agreement between the estimated SEY and the HCX data point gives us added confidence in the validity of the estimated SEY.
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In this section, we apply our numerical models of the SEY to a simulation relevant to the HCX. We use the results of a detailed particle-in-cell simulation of an HCX-like geometry to estimate the likely location, energy and angle with which ions might strike the wall in the HCX. Using this information and the numerical models developed above, we estimate 150-200 electrons per ion collision could result in the HCX.
To estimate the number of secondary electrons in the HCX, we need to know the energy and angle at which stray ions might likely strike the walls. This information comes from a detailed particle tracking simulation relevant to HCX using the WARP code [10] (this simulation used a higher filling factor for the focusing elements than the present HCX configuration, but the parameters are still realistic). WARP is a multidimensional particlein-cell code with many advanced features, such as fully 3D applied fields and multigrid field solvers. We used results of a simulation a 20 m long electrostatic quadrupole transport segment with 100 quadrupoles and a 2.3 cm radius beam pipe.
The WARP results show that for the parameters chosen, all the ions strike the wall with a kinetic energy of E k =1.85 MeV (to within a few percent). Figure 6 shows a scatter plot of the angle of incidence of these particles as a function of their distance down the 20 m transport section. The angles of incidence range from about 84 • to 89.97 • . There are fewer particles at larger z because ions are being scraped off and therefore fewer ions are striking the walls at larger z. In the simulation, the beam was perfectly matched to the lattice.
Using these results for energy and angle, we can apply our numerical model for secondary electron yield to estimate the electrons one can expect in the HCX. Figure 7 shows the number of electrons per ion collision as a function of distance generated by combining the stray ion data from WARP with the SEY model discussed above. This figure shows a yield of roughly 150 electrons per ion collision near z = 0, with a general increase to approximately 180-185 with increasing z. The increase with distance is due to the increasing SEY as a function of incident angle and the fact that the average angle of incidence increases with increasing z, as one can see in past 88 • (Thieberger et al [17] observed for gold ions that the SEY not only leveled off but began to decrease with increasing angle, in which case the error could be slightly larger than 10%).
CONCLUSION
We have modeled numerically secondary electron generation in the High Current Experiment. We derived an approximate expression for the secondary electron yield for potassium ion striking stainless steel and showed the approximate SEY agreed well with data from the HCX. This estimate has a peak of approximately 55 electrons at normal incidence at an ion devices, as we have neglected many important effects. These include surface roughness [17] and effects of the secondary electrons on the ion beam dynamics, among others. We also neglect ion skimming. From Fig. 6 , one can see that many particles with an angle of incidence between 89 • and 90 • . These particles are likely to skim along the surface, producing secondary electrons in a manner much different than considered here. Further, we have neglected the production of neutral gas atoms from the ion-wall collisions. The neutrals could drift to the beam where they might be ionized by collisional impact, resulting in another source of electrons within the beam.
A further effect we have neglected and that deserves specific mention is the effect of electrons produced by ion-wall collisions are generated at the wall, and so one can mitigate their effect if one can keep them from reaching the beam. One way to accomplish this is to constrain the electrons with a magnetic field to keep them from crossing the vacuum gap to the beam, a process called magnetic insulation [19] . Because secondary electrons are born with energies much lower than the ion beam, one can use even low-level magnetic fields to constrain the electrons and not affect the ion motion. Quadrupole fields are particularly interesting because (i) an actual accelerator will likely be using magnetic quadrupoles for beam focusing anyway, and (ii) the beam is most elliptical in a quadrupole and therefore increasing likely to collide with the wall. Research into the effects of quadrupole magnetic fields on secondary electron orbits [20] [21] [22] suggests quadrupole fields can reduce by many orders of magnitude the number of secondary electrons near the beam center as compared to field-free cases (see, for instance, Fig. 18 of Ref. [20] ). Researchers in pulsed power physics rely on magnetic insulation in a similar way to contain stray electrons in high-power
waveguides [23] .
The authors thank A. taken at the HCX. The solid line is the estimate SEY as discussed in Fig. 2 . The circle is a based on extrapolating the data from the HCX in Fig. 4 to normal incidence. The agreement between the estimated SEY and the HCX data for 1.0 MeV gives confidence in the estimated SEY. The increase with distance is due to the particles at larger z striking the wall with larger angle, as shown in Fig. 6 , which results in a larger SEY.
